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i A low noise avalanche photodiode has a 
heterostructure photosensitive body with a 
plurality of gain stages (150) adjoining a light 
absorption layer (140). The light absorption 
layer (140) is made of an amorphous photosen- 
sitive material such as intrinsic amorphous sili- 
con and is thick enough so that substantially all 
light photons incident on the device are absor- 
bed in this layer. Each gain stage (150) is made 
up of alternating layers of photosensitive ma- 
terial, such as intrinsic amorphous silicon and 
intrinsic silicon carbide. The noise of the device 
is lessened with respect to photodiodes in 
which the light is absorbed in gain stages as the 
charge generated by the absorption of the light 
photons and which is of the type (i.e., electrons 
or holes) selected to be amplified is exposed to 
the same number of gain stages. The thickness 
of the light absorption layer is also advan- 
tageously selected so that the assembled device 
has a capacitance within a predetermined 
range. 




0- 
LU 



Jouv , 18, ru Saint-D nis, 75001 PARIS 



1 



EP 0 553 982 A1 



2 



Field fth Inventi n 

Thisinv nti nrelatesg n rally to the field of light 
sensitive semiconductors and more particularly to 
amorphous silicon multilayer avalanche photodiodes. 

Background of the Invention 

Photodetectors are commonly used in a number 
of solid state imaging devices such as facsimile ma- 
chines and solid state radiation detectors in which it 
is necessary to convert an optical input signal into 
corresponding electrical signals. In typical solid state 
radiation detectors employed in medical diagnostic 
procedures, for example, incident radiation strikes a 
scintillator material that generates light photons when 
the incident radiation is absorbed. Photodetectors in 
turn generate electrical signals when struck by the 
light photons, and these electrical signals are used to 
produce a visual display or are otherwise analyzed. 

In a typical solid state photodiode a layer of pho- 
tosensitive material is disposed between a common 
electrode and an electrical contact pad. A biasing vol- 
tage is applied across the photosensitive material by 
the electrodes, and electrons or holes produced when 
light photons are absorbed in the photosensitive ma- 
terial are collected at electrodes having the opposite 
polarity of the charge. Typically the contact electrode 
is coupled to a data sampling circuit that periodically 
measures the charge collected on the electrode and 
resets the photodiode to a known charge condition for 
the start of the next sampling sequence. 

Avalanche photodiodes (APDs) are typically 
used in low light devices. For example, in low energy 
level radiation imagers the absorption of the radiation 
in the scintillator does not produce enough light pho- 
tons for a conventional photodiode to generate a use- 
able electrical signal. Avalanche photodiodes provide 
internal amplification of the charge generated by ab- 
sorption of a light photon to produce an output signal 
that can be processed more easily than that of a pho- 
todiode without internal gain, by sampling and ampli- 
fication circuits. Avalanche multiplication can be ach- 
ieved through the application of a high biasing voltage 
across the photosensitive material. Avalanche multi- 
plication can also be achieved through the use of a 
superlattice or multilayer structure producing a series 
of electric field bands through which the charge gen- 
erated by absorption of incident light passes as it mi- 
grates under the influence of the biasing potential to 
the electrode at which it is collected. Both of these ap- 
proaches present practical difficulties in fabrication 
and or operation of imaging devices. For example, the 
use of high biasing voltages results in more noise g rv 
rated by th device and requires more elaborate pro- 
tection oft h analysis circuitry from th high voltages. 
Multflay r or superlattice d vices, nthe t her hand, 
are typically fabricated from crystalline materials, 



making it difficult to fabricate large area arrays having 
many APDs with uniform performance characteris- 
tics. 

An APD fabricated with amorphous materials ar- 

5 ranged in a heterostructure device was proposed by 
S. Jwo et al. in the article "Amorphous Silicon/Silicon 
Carbide Superlattice Avalanche Photodiodes," IEEE 
Transactions on Electron Devices, Vol. 35, August 
1988, pp. 1279-1283. Jwo notes thatthe use of amor- 

10 phous materials allows easier fabrication of a large 
area display having many photodiodes; allows a vari- 
ety of peak response wavelengths by changing the 
composition and well-to-barrier widths of the hetero- 
structure; and allows abrupt profile changes not pos- 
ts sible in a single crystalline silicon. In the Jwo device, 
a superlattice structure is formed from alternating lay- 
ers of substantially intrinsic amorphous silicon (i-Si) 
serving as a well layer and amorphous silicon carbide 
(SiC) serving as a barrier layer. This heterostructure 

20 is coupled to an indium tin oxide (ITO) common elec- 
trode through a p+ doped contact layer and to a con- 
tact electrode through an n+ doped contact layer. 
Light incident on the Jwo device passes through a 
substrate, the indium tin oxide (ITO) common elec- 

25 trode, the relatively thin p+ doped layer (200 A) and 
then into the multilayer structure in which it is ulti- 
mately absorbed. 

Noise in a heterostructure avalanche photodiode 
of the type described by Jwo arises from the fact that 

30 the amount of charge multiplication in a given gain 
stage is dependent on whether a larger or a smaller 
number of avalanche ionizations occur. Such noise is 
accounted for by statistically modifying the output sig- 
nal to reflect the mean number of ionizations for the 

35 total number of gain stages. Additionally, the light in- 
cident on the Jwo device and similar heterostructure 
devices can be absorbed in any of the gain stages, 
Le., the alternating sil icon/silicon carbide layers of the 
heterostructure. The electrons produced in the ab- 

40 sorption of the light are then multiplied by the remain- 
ing gain stages. Thus, due to the structure of the con- 
ventional heterostructure device, the amount of am- 
plification undergone by charge produced in the ab- 
sorption of the light photon is dependent on the pos- 

45 ition in the device at which the light is absorbed. For 
example, some number of photons will be absorbed 
in the first gain stage, and the charge generated in 
those absorption events undergoes amplification in 
all of the remaining gain stages. Other light photons 

50 will pass through the initial gain stage and will be ab- 
sorbed farther into the device. The charge produced 
in absorption events occurring in gain stages farther 
into the device is only amplified by the remaining gain 
stages. As a result, in th Jwo device th amplrf ica- 

55 tin xperi need by charge produced in an absorption 
v nt is a function of th layer or gain stage in th de- 
vice at which the light photon is absorbed. Such vari- 
ance in the amplrf icati n results in more noise in the 
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utput signal of the device. 

Th performance of a ph todiode array is affect- 
ed by both th noise of the individual photodfodes 
and the capacitances of the diodes. In accordance 
with physical laws relating capacitance to the dis- 5 
tance separating the top and bottom contact layers in 
each of the photodiodes, the capacitance and hence 
the noise of the array can be reduced by separating 
the two electrodes by the maximum amount consis- 
tent with other device performance characteristics. 10 
Increased separation of the electrodes in the conven- 
tional heterostructure APDs required additional gain 
stages, which increase the gain beyond what is re- 
quired, increase the noise, and also complicate fabri- 
cation of large scale devices. 15 

SUMMARY OF THE INVENTION 

The present invention is set forth in claim 1 . 

It is therefore a feature of this invention to provide 20 
a low noise avalanche photodiode constructed of 
amorphous material so that it is readily fabricated in 
large arrays. 

It is a further feature of this invention to provide 
an avalanche photodiode in which substantially all 25 
change generated by the absorption of light photons 
in the photodiode is amplified by the same number of 
gain stages. 

It is a further feature of this invention to provide 
a low noise, high gain avalanche photodiode that is 30 
readily fabricated to exhibit a selected capacitance. 

Alow noise heterostructure photodiode is provid- 
ed that has a contact electrode, a transparent con- 
ducting contact, and a heterostructure photosensitive 
body having a light absorption layer adjoining a plur- 35 
ality of gain stages. The light absorption layer is of a 
selected thickness and disposed in the device so as 
to absorb substantially all of the light photons incident 
on the device, thereby substantially eliminating the 
absorption of light photons in the gain stages. The 40 
light absorption layer advantageously comprises sub- 
stantially intrinsic amorphous silicon and each of the 
gain stages comprises a layer of substantially intrinsic 
amorphous sflicon carbide adjoining a layer of intrins- 
ic amorphous silicon. The heterostructure photosen- 45 
srtive body typically further comprises a hole blocking 
layer comprising n+ doped amorphous silicon dis- 
posed adjacent to the contact electrode and an elec- 
tron blocking layer comprising p+ doped silicon dis- 
posed adjacent to the transparent conducting con- 50 
tact Alternatively, other photosensitive materials, 
such as amorphous selenium, can be used to fabri- 
cate the light absorption layer and the gain stages. 

Th thickness of th light absorption layer is se- 
lected to absorb substantially all light photons incident 55 
nth d vice so that all charges g n rated by th ab- 
orptionofthe light photons are exposed to th same 
number of gain stages in the APD. The thickness of 



the light absorption layer is preferably additionally se- 
I ctedtoprovid apred ter mined capacitance valu 
forth assembled avalanch photodiod . 

Brief Description of the Drawings 

The features of the invention believed to be novel 
are set forth with particularity in the appended 
claims. The invention itself, however, both as to or- 
ganization and method of operation, together with 
further objects and advantages thereof, may best be 
understood by reference to the following description 
in conjunction with the accompanying drawings in 
which like characters represent like parts throughout 
the drawings, and in which: 

Figure 1 is a cross-sectional view of an avalanche 
photodiode fabricated in accordance with the present 
invention. 

Figure 2 is an energy-band diagram of an ava- 
lanche photodiode fabricated in accordance with the 
present invention. 

Detailed Description of the Preferred Embodiment 

In Figure 1, a low noise heterostructure ava- 
lanche photodiode 100 exposed to incident light pho- 
tons 105 is shown disposed on a substrate 110. Ava- 
lanche photodiode (APD) 100 comprises a transpar- 
ent conducting contact 120, a heterostructure photo- 
sensitive body 1 30, and a contact electrode 1 60. Pho- 
tosensitive body 130 comprises a light absorption lay- 
er 140 and a plurality of gain stages 150. In a typical 
imager device, a plurality of APDs 100 as described 
below are arranged in an array and electrically cou- 
pled to data sampling circuits for generating signals to 
operate visual displays or be used in other analysis of 
the detected light 

APD 100 is positionable so that incident light pho- 
tons 1 05 enter the APD through transparent conduct- 
ing contact 120, which is disposed in electrical contact 
with photosensitive body 130. Contact 120 typically 
comprises indium tin oxide (ITO) and has a thickness 
of between about 10 nm and 100 nm. Contact elec- 
trode 160 is disposed in electrical contact with the 
surface of photosensitive body 130 opposite the sur- 
face in contact with transparent conducting contact 
120. Contact electrode 160 typically comprises chro- 
mium, aluminum, titanium, molybdenum or similar 
conductive material. Hie biasing voltage to drive the 
operation of APD 1 00 is applied across the photosen- 
sitive body by contact 120 and electrode 160. 

Photosensitive body 130 advantageously com- 
prises a electron blocking layer 132 disposed in elec- 
trical contact with conducting contact 120 and light 
absorption layer 140. Electron blocking layer 132 typ- 
ically comprises p+ d ped amorphous silicon having 
a thickness in the range between about 20 mm and 50 
nm and doped to have a resistivity in the rang be- 
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tween about 100 to 1000 hm-cm.Th electron block- 
ing layer can alternate ly comprise p+ d ped amor- 
phous silicon carbide, or a combinati n of p+ doped 
amorphous silicon and p+ doped amorph us silicon 
carbide. This layer substantially prevents the migra- 
tion of electrons from the conducting contact 120 into 
photosensitive body 130. 

In accordance with this invention, light absorption 
layer 140 is disposed between conducting contact 
120 through which the incident light photons 105 en- 
ter the device and the plurality of gain stages 150. 
Light absorption layer 140 comprises a photosensi- 
tive material in which the light photons are absorbed 
with the resultant production of electric charge. The 
amount of the charge generated when the photosen- 
sitive material absorbs light corresponds with the in- 
tensity of the flux of light photons incident on the 
APD. The charge migrates within the light absorption 
layer under the influence of a biasing voltage applied 
across the photosensitive body by transparent con- 
ducting contact 120 and bottom contact 160. The pho- 
tosensitive material advantageously comprises sub- 
stantially intrinsic amorphous silicon. Alternative 
amorphous photosensitive materials, such as amor- 
phous selenium, can be used provided electrical con- 
nections and appropriate associated coupling layers 
(e.g., hole and electron blocking layers) are correctly 
positioned to account for which carrier type, i.e., elec- 
tron or holes, is selected to be amplified. For example, 
in devices comprising substantially intrinsic amor- 
phous silicon as the photosensitive material, it is ad- 
vantageous to amplify electrons, whereas in devices 
comprising amorphous selenium as the photosensi- 
tive material, it is advantageous to amplify holes. 

In accordance with this invention, light absorption 
layer 140 has a selected thickness chosen so that 
substantially all light photons incident on the APD are 
absorbed in the light absorption layer and no light 
photons pass through layer 140 into the plurality of 
gain stages 150. The minimum selected thickness 
corresponds to the wavelength of the incident light 
and the characteristics of the photosensitive material, 
and is determined by the following relationship: 
I = log*(1-P)/ -a (Eqn1 -1) 

in which 

I = the minimum selected thickness (cm); 

P = % of photons absorbed in the selected dis- 
tance; and 

a = optical absorption (crrr 1 ). 
Thus, for example, the thickness to absorb 99% of the 
incident photons would be determined by : 

I = loge(1-.99)/ -a, or (Eqn1-2) 
I * log* (.01)/ - a (Eqn1-3) 
Th ptical absorpti n is a function of the incid nt 
ph ton en rgy and th photon wavelength (or fre- 
qu ncy), and typically ranges from about 2 unr 1 for 
red light (having a wavel ngth of about 650 nm and a 
ph ton energy of about 2 V) to about 15 unr 1 for blu 



light (having a wav length f about 500 nm and a pho- 
ton energy of about 2.5 V). Thus, for red light, the se- 
lected minimum distance would be about 2500 nm 
and for blue light about 300 nm. 

5 Additionally, in accordance with this invention, 

the selected thickness may be chosen to cause the 
fabricated APD to exhibit a desired capacitance. 
Thus, the thickness of light absorption layer 140 may 
advantageously be chosen to be thicker than the 

10 minimum selected thickness necessary to substan- 
tially absorb all incident light photons so that the ca- 
pacitance of the completed APD is within a predeter- 
mined range. The capacitance associated with a se- 
lected thickness of the light absorption layer is ex- 

15 pressed by the following relationship: 

C = 8.85 x 10-14(A) (e) / d (Eqn 2-1) 
in which 

C = photodiode capacitance; 
A= the area of the photodiode; 

20 g = dielectric constant of the diode material; 

and 

d = the thickness of the diode. 
For devices with amorphous sflicon layers, the dielec- 
tric constant is about 12. 

25 The deposition of intrinsic amorphous silicon is 

readily controlled in the fabrication process to achieve 
the desired selected thickness. The selected thick- 
ness of light absorption layer 140 typically is between 
about 500 nm and 2000 nm. 

30 A plurality of gain stages 150 are disposed adjoin- 
ing and electrically coupled to the light absorption lay- 
er. Each gain stage comprises a layer of substantially 
intrinsic amorphous silicon carbide (i-SiC) 152 adjoin- 
ing a layer of substantially intrinsic amorphous silicon 

35 (i-Si) 154. Alternatively, in devices in which amor- 
phous selenium is used as the photosensitive mate- 
rial, the gain stages advantageously comprise alter- 
nating layers of amorphous selenium and selenium 
telluride. Each alternating layer of i-Si and i-SiC has 

40 a thickness in the range between about 1 0 nm and 30 
nm. The total number of gain stages is determined 
based upon the desired operating characteristics of 
the APD, most notably the desired avalanche ampli- 
fication of the APD. 

45 The plurality of gain stages adjoin and are elec- 

trically coupled to hole blocking layer 134, which is 
disposed between the plurality of gain stages 150 
and contact electrode 160. Hole blocking layer 134 
provides an electrical contact layer and blocks pas- 

50 sage of electrons from contact electrode 1 60 into gain 
stages 150. Hole blocking layer 134 advantageously 
comprises n+ doped amorphous silicon and has a 
thickness in the range between about 20 nm and 50 
nm and doped to have a resistivity in the rang be- 

55 twe n about 1 00 and 1000 ohm-cm. 

In operation, th heterostructure of alternating 
layers of i-Si and i-SIC in photosensitive body 130 pro- 
vides an electric band structure that xhibHs ava- 
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lanche multiplication of I ctrons passing from the 
light absorpti n lay r into th gain stages. In accor- 
dance with this inv nti n, as substantially all light 
photons are absorbed in light absorption layer 140, 
substantially all electrons produced pass through the 
same number of gain stages as they migrate to con- 
tact electrode 160 under the influence of the biasing 
voltage applied across the APD. 

A simplified energy band diagram for the device 
is depicted in Figure 2 and is useful in fllustrating op- 
eration of the device. For ease of description, a device 
comprising intrinsic amorphous silicon and i-SIC/i-Si 
gain stages is discussed, although the principles of 
operation of the device are the same in embodiments 
comprising other photosensitive materials. Biasing 
voltage 205 is graphically represented by the separa- 
tion along the y-axis between the potential of the pi- 
contact 210 and the n+ contact 21 5. Length 220 along 
the x-axis corresponds to the t hickness of the p+ con- 
tact; similarly length 230 corresponds to the thick- 
ness of the light absorption layer, lengths 240, 242, 
and 244 correspond to the thickness of one gain 
stage and its constituent i-SiC and i-Si layers respec- 
tively; and, length 250 corresponds to the thickness 
of the n+ contact layer. An incident light photon 260a 
absorbed in the light absorption layer causes the gen- 
eration of charge, represented in Figure 2 by electron 
265a and corresponding hole 265'a. The biasing vol- 
tage causes the electron to migrate towards the n+ 
contact layer 215 and the hole to migrate towards the 
p+ contact layer 21 0. Similarly, incident light photons 
260b and 260c are absorbed in the light absorption 
layer causing the generation of charge, indicated in 
Figure 2 by representative electron 265b and corre- 
sponding hole 265'b and electron 265c and corre- 
sponding hole 265'c respectively. Electrons 265b and 
265c migrate towards n+ contact layer 215, and holes 
265'b and 265'c migrate towards p+ contact layer 21 0. 
Prior to reaching the n+ layer, electrons 265a, 265b, 
and 265c each pass through the plurality of gain sta- 
ges 1 50, in which they undergo avalanche multiplica- 
tion in accordance with known phenomena associat- 
ed with heterostructure devices. Holes 265'a - 265'c 
drift towards p+ contact layer 210 without gain. In ac- 
cordance with this invention, substantially all light 
photons are absorbed in the light absorption layer and 
thus all charge generated by the absorption of light 
and of the type selected to be amplified is exposed 
to amplification by the same number of gain stages. 

While only certain features of the invention have 
been illustrated and described herein, many modifica- 
tions and changes will occur to those skilled in the art 
It is, therefore, to be understood that the appended 
claims are intended to cover all such modifications 
and changes as fall within the scope of the invention. 



Claims 

1. A low n ise h terostructure avalanch ph to- 
diode for detecting light, comprising: 

5 a contact electrode; 

a transparent conducting contact; and 
a heterostructure photosensitive body dis- 
posed between and in electrical contact wit h said 
electrode and said conducting contact; 

10 said heterostructure photosensitive body 

comprising a plurality of gain stages and a light 
absorption layer adjoining said gain stages, said 
light absorption layer having a selected thickness 
to absorb substantially all of said light incident on 

15 said photodiode prior to said light entering said 
gain stages. 

2. The photodiode of claim 1 wherein each of said 
gain stages comprises a layer of substantially irv 

20 trinsic amorphous silicon carbide adjoining a lay- 
er of substantially intrinsic amorphous silicon. 

3. The photodiode of claim 2 wherein said light ab- 
sorption layer comprises substantially intrinsic 

25 amorphous silicon. 

4. The photodiode of claim 3 wherein said hetero- 
structure photosensitive body further comprises 
a hole blocking layer disposed adjacent to said 

30 contact electrode and an electron blocking layer 
disposed adjacent to said transparent conducting 
contact 

5. The photodiode of claim 4 wherein said hole 
35 blocking layer comprises n+ doped amorphous 

silicon and said electron blocking layer comprises 
p+ doped amorphous silicon or amorphous sili- 
con carbide. 

40 6. The photodiode of claim 5 wherein said hole and 
electron blocking layers each has a thickness be- 
tween about 20 nm and 50 nm. 

7. The photodiode of claim 2 wherein each of said 
45 intrinsic amorphous silicon and silicon carbide 

layers in said gain stages has a thickness be- 
tween about 10 nm and 30 nm. 

8. The photodiode of claim 3 wherein said light ab- 
so sorption layer has a selected thickness between 

about 300 nm and 2500 nm. 

9. The photodiode of claim 1 wherein the minimum 
thickness of said light absorption layer to absorb 

55 substantially all incident light photons is d ter- 
mined in accordance with the relation: 
I = loge (1 - P) / -a 

in which 
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I = the minimum sel cted thickness (cm); 
P = % of photons absorbed in the selected 
distance; and 

a = optical absorption (crrr 1 ). 

5 

10. The photodiode of claim 2 wherein said light ab- 
sorption layer is disposed between said plurality 
of gain stages and said transparent conducting 
contact so as to absorb substantially all light 
passing through said conducting contact before 10 
said light enters said gain stages. 

11. The photodiode of claim 1 wherein each of said 
gain stages comprises a layer of amorphous se- 
lenium telluride adjoining a layer of amorphous 15 
selenium. 

12. The photodiode of claim 11 wherein said light ab- 
sorption layer comprises a layer of amorphous 
selenium. 20 

13. The photodiode of claim 1 wherein said selected 
thickness of said light absorption layer is further 
selected to cause the assembled photodiode to 
exhibit a capacitance within a predetermined 25 
range. 
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